Abstract There is an urgency to identify novel technological answers to the decreasing availability of important resources together with increasing accumulation of pollution. Among the many ways materials science can contribute to these issues, the enhanced use of renewable resources, the optimal production of alternative energies and the improved monitoring/cleaning of contaminated environments can be identified as area where the sol-gel technology has, and will have, a major role to play. In this short review, we more specifically illustrate recent developments in biohybrid chemistry applied to bioplastics, biofuel cells, biosensors and bioremediation.
Introduction
''The Earth is blue like an orange'' wrote the french poet Paul Eluard in 1929. Almost one century later, our planet is starting to be covered with shades of gray. Two main threats are well-identified, greenhouse gas effect and environmental pollution, with their cortege of deleterious impacts on climate, biodiversity, human health… Official estimations indicate that these dangers are mainly of anthropogenic origin, and mostly related to energy production [1] . These activities currently consume for most part non-renewable resources, of both organic and inorganic nature.
As an answer to the predicted shortage of fossil and mineral stocks, an acceptable short-term solution is to decrease our resource consumption rate by developing more energy/atomeffective technologies and improving waste management/ recycling. However, in a longer-term perspective, there is a clear need to identify substitution strategies based either on virtually unlimited (sunlight, wind, seas oceans) or so-called renewable resources (mainly of vegetal origin). Indeed, doubts can be raised about the possibility for nearly 7 billion human beings to live without impacting negatively on the atmo-and biosphere. This is well-illustrated by the issues that are currently raised by crop-based biofuel production [2] .
The possible role of the sol-gel processes in contributing to a more eco-responsible form of material synthesis following the principles of Green Chemistry has been recently reviewed [3] . The application of soft chemistry routes to the preparation of inorganic/hybrid devices for energy production or storage is also commonly described [4] . The importance of the sol-gel technology for pollution assessment and remediation has been less explored [5] .
In this short review, we would like to present some recent achievements in these three areas, i.e. green materials, energy and environmental monitoring/remediation, that involve the sol-gel technology, especially focusing on biohybrids that associate natural systems, being biomolecules or whole cells, with inorganic materials and suggest some perspectives in these area.
Sol-gel based bioplastics
Polymers associated with sol-gel materials are of great interest in many applications [6, 7] . Replacing conventional polymers by bio-based and biodegradable polymers would add to these materials the proposition of a reduced material carbon footprint and minimize our dependence on fossil/petro resources [8, 9] . Biodegradable polymers issued from plants that have been associated with sol-gel materials include polysaccharides, proteins and vegetable oils [10] .
In particular, many polysaccharides, such as pectin [11] , xanthan gum [12] , carageenan [13] , guar gum [14] and alginic acid [15] have been considered for the synthesis of hybrid composites and nanocomposites to be used in biotechnological, biomedical and environmental applications. Cellulose-and chitin/chitosan-based biohybrids associated with silica are described in more details afterwards to illustrate the diversity of strategies and materials that have been reported in this area.
Cellulose and cellulose derivatives
The preparation of SiO 2 /cellulose nanocomposites has been reported as displaying promising properties for different potential applications. These nanocomposites are prepared either by deposition of morphologically well-defined SiO 2 nanoparticles at the fiber surface via polyelectrolytes assembly or via the synthesis of SiO 2 nanoparticles using tetraethoxysilane (TEOS) hydrolysis in the presence of cellulose fibres [16] . Both methodologies induced a significant decrease in the water uptake capacity of cellulose fibres.
Silica-modified cellulosic aerogels have also been prepared [17] . They consist of two interpenetrating networks of cellulose and silica, prepared from shaped cellulose solutions by (1) regenerating (reprecipitating) cellulose with ethanol, (2) subjecting the obtained shaped alcogels to sol-gel condensation with TEOS as the principal networkforming compound, and (3) drying the reinforced cellulose bodies with supercritical carbon dioxide. An open-porous network structure was obtained when silicification was performed under mild acidic conditions. Bacterial cellulose (BC) hydrated membranes also present advantages for the preparation of new organicinorganic hybrids due to its nanometer-scale reticulated structure [18] [19] [20] [21] . BC-silica hybrids were prepared from BC membranes and TEOS in neutral pH conditions at room temperature. The resulting water-free translucent membranes exhibited improved mechanical properties and thermal and UV resistance [18, 21] . Homogeneous membranes were obtained containing up to 66 wt% of silica spheres, 20-30 nm diameter, that were clearly attached to cellulose microfibrils (Fig. 1) [20] . Cellulose derivatives, such as cellulose acetate (CA) and carboxymethyl cellulose (CMC) were also associated with TEOS or silicates to obtain nanocomposites ( Fig. 2) [22, 23] . Of particular interest is the demonstration that the biodegradation of CA/ SiO 2 membranes by Thricoderma harzianum fungi was not modified by the presence of the inorganic phase [22] .
Direct modification of cotton fibers by deposition of SiO 2 /TiO 2 multilayer films for outdoor applications also illustrates the versatility of the sol-gel based mineralization of natural materials [24] . In a first step, SiO 2 particles were deposited on the surface of the cotton fibers using hydrolyzed TEOS. This first layer allows the protection of the fibers against photo-catalytic decomposition by the second layer of TiO 2 nanoparticles deposited using relatively mild temperature conditions (100°C) by a sol-gel method. This method led to dense and uniform multilayer films.
Chitin and chitosan
Chitin and chitosan have been widely investigated in the preparation of new hybrids materials via sol-gel process. As an example, a silica network was obtained by controlled hydrolysis of tetraethyl orthosilicate using deacetylated chitin as an organic counterpart [25] . The resulting polymer [20] with kind permission from Springer Science ? Business Media hybrids were homogeneous, transparent, film-forming glassy materials that can be obtained in a wide composition range. Similar systems were prepared through a sol-gel process starting from alkoxysilane and chitosan [26] . Further functionalization was performed through in situ hydrolysis-condensation reaction of methyltrimethoxysilane (MTMS) and vinyltrimethoxysilane (VTMS) in the reaction medium, leading to transparent and hydrophobic silica-chitosan hybrids that can find application in the optics industry. Membranes were also prepared by in situ crosslinking of chitosan and formation of chitosan-silica hybrid membranes with c-glycidoxypropyltrimethoxysilane as a crosslinking agent [27] . The formed chitosansilica hybrid materials exhibited improved thermal stability and low degree of swelling in water.
Porous chitosan/silica hybrids microspheres were prepared by impregnation of pre-formed polysaccharide beads with silica precursors, and considered for use in heterogeneous catalysis [28] . More recently, chitosan-silica hybrid microspheres were obtained in a one-step process using a simple microfluidic method [29] . Bovine serum albumin was chemically grafted on the obtained microspheres and the presence of silica led to an enhancement of both mechanical stability and protein loading capacity of the microspheres. One key advantage of these approaches is that nongelling polymers can be obtained in a gel form by generating silica in situ via sol-gel processing [30] . This can be done by using a silica precursor, tetrakis(2-hydroxyethyl)orthosilicate (THEOS), that is fully water-soluble and compatible with the biopolymer. The gelation is caused by mineralization of carbohydrate macromolecules, which strengthen them and allow their cross-linking [31, 32] .
Biohybrid chitosan-SiO 2 materials have been described for many applications, including biosensors [33, 34] and sorbents [35, 36] . Chitosan-silica hybrid membranes for bone repair were also described and evaluated in vitro [37] [38] [39] . Recently, it was possible to obtain hybrid nanofibers by electrospinning chitosan and polyethylene oxide with tetraethoxysilane and 3-glycidyloxypropyltriethoxysilane as silica precursors, exhibiting promising properties for guided bone generation [40] .
Bio-hybrid materials for energy
In the field of eneregy, sol-gel routes to oxides as well as to hybrid materials allow to control the nanostructure of the material and/or to develop efficient interfaces. For lithium batteries, nanostructured systems using TiO 2 /LiCoO 2 electrodes have been studied [41] . Mesoporous forms of these materials showed improved properties thanks to short lithium/electrons distance within the pore walls. Mesoporous materials may also be useful for capacitors design [42] , as well as in photovoltaic systems, for instance by confining conjugated polymers within the mesoporosity of photoactive metal oxides, such as TiO 2 [43] .
The design of fuel cells is another area where the sol-gel technology is of particular interest. For instance, it allows the elaboration of nanostructured ceramic thin layers for high temperature solid oxide fuel cells (SOFC) design [44] . In the field of proton exchange membrane fuel cells (PEMFC), working at low temperature, nanocomposite, mesoporous and hybrid materials have been studied [45] . One particularly interesting approach is the use of ionic liquids as solvents to address the requirement for high humidity conditions, as demonstrated for phosphonated silica particles dispersed in a styrene-acrylonitrile resin in the presence of 1-ethyl-3-methyl-imidazolium-bis (trifluoromethanesulfonyl) imide [46] . Biofuel cells, that use a biological activity as a source of energy, also constitutes an interesting area to which sol-gel chemistry can contribute [47] . Indeed, from the pioneer works of Avnir [48] and Carturan [49] , the possibility to immobilize enzyme and living cells inside silica gels while preserving, if not enhancing, their biological activity has been largely demonstrated [50, 51] . Indeed, as bioelectrodes are targeted, it is important that the sol-gel matrix exhibit electronic conduction properties. However, silica is a very poor electronic conductor. This issue has been addressed earlier for the design of enzymatic electrochemical devices, via the incorporation of carbon particles and/or conductive polymers [52] . The additional use of mediators allowing the transfer of the electron from the enzyme to the material has also been described, leading to complex electrodes with high performances [53] . On this basis, silica gels incorporating carbon nanotubes (CNT) or graphene were found suitable for current generation based on the enzymatic glucose conversion into oxygen [54, 55] .
In contrast, the design of microbial fuel cells are much more challenging as it requires the development of a conductive matrix in conditions where the targeted organisms maintain their activity. As far as living cells are concerned, two options are being studied: (1) hydrogen-producing species, mainly cyanobacteria and micro-algae and (2) electroactive organisms, especially bacteria [56] . The first approach has the main advantage that these organisms survive in a rather large range of pH, ionic strength or even temperature, enlarging the possible conditions for gel synthesis. Moreover, some of them possess a so-called exopolysaccharide (EPS) that constitute a convenient barrier to avoid detrimental interactions not only between the silica internal surface and the cell membrane but also with other solid additives that may be present to insure conductivity (Fig. 3) [57] . Finally, their viability has been shown to be preserved over months period in silica [58] . However they have two major drawbacks. First they are photosynthetic organisms that require access to visible light. This is in contradiction with the incorporation of conductive species that absorb strongly in this wavelength domain. Second, H 2 itself should be converted into protons and electrons, requiring an additional component or compartment in the biofuel cell device. Therefore, at this time, only the first step of the process, i.e. hydrogen production by silica-immobilized photosynthetic organisms has been achieved [59] . Using Synechocystis sp. cyanobacteria, the production rate was found comparable for immobilized cells and cells in suspension after optimization of silica precursors and additives [60] .
The second option, i.e. the use of electroactive bacteria, has opposite advantages and drawbacks. On the one hand, bacteria do not require light to survive and they can produce electrons, although some molecular shuttle may be necessary to transport charge to the electrode surface. On the other hand, they are more sensitive to physicochemical conditions and lack the protective EPS coating. The earliest report in this area was based on the use of a sol-gel process to deposit a silica layer on a biofilm of Shewanella oneidensis bacteria formed on a conductive carbon surface [61] . However, a true tridimensional encapsulation was only achieved recently using silica-filled graphite felt [62] . The viability of immobilized Escherichia coli bacteria was preserved in the sol-gel matrix (Fig. 4) and their electroactive metabolites could be used for current production using the conductive carbon network. Noticeably, the formation of silica-CNT materials in cytocompatible conditions, i.e. using an alcohol-free process at pH 7, was also reported, that appear promising for this application [63] .
Bio-hybrid materials for environment monitoring and remediation
Silica gel presents great thermal stability and high surface area that contains many hydroxyl reactive groups. These groups provide adequate binding sites for the attachment of different organic compounds, so that silica gel surface can be easily functionalized. Through these chemical modifications new hybrid materials with high selectivity to retain pollutant compounds can be obtained that are currently evaluated in natural water treatment. For instance, 4-amino-2-mercaptopyrimidine was recently chosen for anchorage onto the silica surface due to the binding potential by amine and thiol groups for Cu(II) sorption [64] . Silica gels modified with EDTA and DTPA were investigated to remove Co(II) and Ni(II) from polluted water [65] . Some aliphatic amines were also immobilized onto silica gel to test their capacity to eliminate Cu(II) and Fe(III) from natural waters [66] . A great deal of papers describing Hg(II) removal from hybrid mesoporous materials are available [67, 68] . More simply, N-pyrazole could be anchored on a silica gel surface for mercury elimination [69] . A green chemistry route to efficient Hg(II) sorbent was also described using gels obtained from natural silica functionalized with the amino acid L-cysteine [70] . In parallel, some natural products such as tannins were also immobilized over silica beads in order to enhance the material capacity to remove Cr(III) from aqueous solution [71] . Moreover, some current researches are based on the addition of some inorganic compounds to the sol-gel host in order to obtain composites materials with improved capacities for pollutant removal. For instance, hydroxyapatite, a good example of porous material with high metal affinity, has been associated with zirconia, leading to materials that combine affinity for cations and anions (Fig. 5 ) [72] . In contrast, there are only a few works concerning the sol-gel encapsulation technology applied to bioremediation processes. In enzymatic-based process, an interesting example is provided by an immobilized recombinant dyedecolorizing peroxidase [73] . This enzyme exhibits a very specific tertiary structure that could not be preserved by any traditional immobilization techniques, except for its adsorption in mesoporous silica. Regarding cell immobilization processes, some reports exist about the use of dead biomass either adsorbed on or trapped in silica [74, 75] . Considering living organisms, microbial mats were immobilized on silica gel. The resulting silica mats particles were used for the bioremediation and bioreduction of uranium-contaminated waters [76] . Some sol-gel matrices have been functionalized with bacteria such as Bacillus sphaericus JG-A12 for the successful biosorption of uranium and copper [77] . Burkholderia sp and Stereum hirsutum have been trapped in silica gels for chromium and malachite green removal, respectively [78, 79] . Nostoc calcicola immobilized in silica-coated alginate beads were shown to have high metal accumulation properties, the silica coating enhancing the stability of the beads upon recycling [80] . Yeast cells were immobilized in zirconia for 4-chloro-2-methylphenoxyacetic acid degradation but the viability rate of encapsulated cells was very poor [81] . Inorganic hosts prepared by the freeze-drying technique were shown to be suitable for Rhodococcus ruber immobilization and phenol degradation. These materials are promising but they are macroporous and allow internal cell division so that clogging and leaching can be expected on the long-term [82, 83] .
The capture and degradation or conversion of green house gases (GHG) and volatile organic compounds (VOC) using sol-gel based materials is another area of intensive research [84, 85] . For instance, several porous materials incorporating aminated molecules were evaluated for CO 2 sorption and storage [86, 87] . A promising alternative relies on the use of immobilized carbonic anhydrase enzymes [88] . Interestingly, Favre et al. [89] showed that the pH modification induced by the enzymatic conversion of CO 2 could be used to activate the gelation of silica precursor solutions. Indeed entrapped photosynthetic organisms may in principle also be used for CO 2 transformation into useful products, such as biofuels, [58] but the possibility to develop sol-gel based photobioreactors with long-term stability and on a large scale is still to be demonstrated.
Noticeably, a material that interacts with pollutants should in principle be also used as a sensor provided that the corresponding binding and/or transformation event is associated with a measurable signal. For instance, mesoporous silica materials modified with metal ligand and/or dyes combine the ability to simultaneously trap and detect heavy metals [90, 91] . In the case of biohybrid materials, polysaccharides can indeed be used for sorption purposes but are hardly capable of transduction [92] . In contrast, many enzymes are able to transform organic pollutants, a reaction that can be detected by UV-visible absorption, fluorescence spectroscopy and electrochemical methods [93] . In this context, a biosensor based on the co-encapsulation of urease and acetylcholinesterase (AChE) in the presence of a fluorescent dye in silica gels was described. Whereas AChE was useful for pH monitoring, the inhibition of urease activity by metal ions could be used for their detection and quantification [94] . Cell-based biosensors involving the sol-gel technology have also been described [95] . In a simple approach, the metal depletion of solutions in contact with silica gels containing dead algae can be followed by electrochemical measurements [96] . Considering living cells, most sensors are based on the use of photosynthetic organisms [97] . Modification of chlorophyll fluorescence or photosynthesis yield using the pulse amplitude modulated (PAM) fluorimetry technique can be used to directly monitor the impact of pollutants on cell behavior allowing the development of fiber-optic based biosensors [98, 99] . Raman spectroscopy was also recently found useful to image the influence of toxic species on the production of carotenoid pigments (Fig. 6) [57] . Recently, hybrid materials consisting of algae-containing alginate beads trapped in a silica matrix were found suitable for the detection of the atrazine herbicide [100] . Such an approach is all the more interesting as previous works demonstrate both the possibility to tailor the silica gel optical properties to optimize algae survival [101] and the ability of the alginate network to be involved in the metal binding [80, 102] .
Perspectives
The examples provided in this short review illustrate the benefits of the sol-gel process in terms of designing more robust and complex (in terms of composition, structure and properties) materials than their bio/organic counterparts through a large diversity of processes.
Considering the environmental impact of sol-gel chemistry, one should emphasize that, although metal alkoxides cannot be considered as ''green chemicals'' due to their harsh conditions of preparation and associated alcohol content, the main advantage of the soft chemistry approach relies in low temperature/low pressure conditions that are a source of significant energy saving compared to the traditional ceramic technology. As far as the resulting materials are concerned, silica is certainly a specific case because of its intrinsically-benign ecological impact. Other metal oxides that are currently often prepared by the solgel process, such as Al 2 O 3 , ZrO 2 , TiO 2 or V 2 O 5 , may raise more environmental concerns. Interestingly, while the ecological impact of manufactured oxides is raising large interest from the point of view of living organisms (ecotoxicity), more efforts must be made to elucidate their life cycle, including biodegradation issues.
Another key advantage of the sol-gel process is the possibility to convert liquid systems into solids, providing easily handled and recoverable materials while preserving the structure and reactivity of the immobilized objects. This can be useful for storage purposes or for transferring homogeneous reactions into heterogeneous ones, as already well-known in catalysis but also for developments in biotechnology. Hence there is still a great deal of efforts to be done to evaluate and optimize the association of inorganic precursors with industrial by-products or wastes as well as with biomolecules or living organisms.
Needless to say, the urgency of the situation is a strong driving force for novel technological developments that fully integrate sustainability issues. We hope that this short review demonstrates that the sol-gel technology will play a major role in this direction in the nearest future. Fig. 6 Raman imaging of encapsulated K. flaccidum algal cells: reconstructed images from the intensity of Raman spectra with excitation at a 514 nm and b 633 nm, and c corresponding optical microscopy image. Reproduced from [57] with permission from The Royal Society of Chemistry (RSC)
